
APPLIED AND ENVIRONMENTAL MICROBIOLOGY, Aug. 2007, p. 5245–5252 Vol. 73, No. 16
0099-2240/07/$08.00�0 doi:10.1128/AEM.00762-07
Copyright © 2007, American Society for Microbiology. All Rights Reserved.

Virus Attachment to Transparent Exopolymeric Particles
along Trophic Gradients in the Southwestern Lagoon

of New Caledonia�

Xavier Mari,1* Marie-Emmanuelle Kerros,2 and Markus G. Weinbauer2

IRD, UR 103, Noumea Center, BP A5, NC-98848 Noumea, New Caledonia,1 and Microbial Ecology and Biogeochemistry Group,
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Viruses on organic aggregates such as transparent exopolymeric particles (TEP) are not well investigated.
The number of TEP-attached viruses was assessed along trophic gradients in the southwestern lagoon of New
Caledonia by determining the fraction of viruses removed after magnetic isolation of TEP. In order to isolate
TEP magnetically, TEP were formed in the presence of magnetic beads from submicrometer precursors
collected along the trophic gradients. The mixed aggregates of TEP-beads-viruses were removed from solution
with a magnetic field. The percentage of viruses associated with newly formed TEP averaged 8% (range, 3 to
13%) for most of the stations but was higher (ca. 30%) in one bay characterized by the low renewal rate of its
water mass. The number of viruses (N) attached to TEP varied as a function of TEP size (d [in micrometers])
according to the formulas N � 100d1.60 and N � 230d1.75, respectively, for TEP occurring in water masses with
short (i.e., <40 days) and long (i.e., >40 days) residence times. These two relationships imply that viral
abundance decreases with TEP size, and they indicate that water residence time influences viral density and
virus-bacterium interactions within aggregates. Our data suggest that the fraction of viruses attached to TEP
is highest in areas characterized by a low renewal rate of the water mass and can constitute at times a
significant fraction of total virus abundance. Due to the small distance between viruses and hosts on TEP, these
particles may be hot spots for viral infection.

Aggregates, which represent one end of the organic matter
size continuum (38), provide physicochemical heterogeneity in
the seemingly homogeneous environment of the water column
(2, 6, 37) and play the role of unique microcosms for microbes
(13, 36). These hot spots of bacterial activity influence biogeo-
chemical cycles (14, 15, 16, 27, 37). Also, it is well known that
organic aggregates can harbor a specific bacterial community
(1, 11, 26, 33, 35). The most recently detected organic aggre-
gates are transparent exopolymeric particles (TEP) (4). They
are formed by coagulation of the reactive fraction of dissolved
organic matter, exist along a size continuum from �1 kDa to
hundreds of micrometers, and constitute the organic glue pro-
moting the formation of marine snow aggregates (30). TEP are
always colonized by bacteria (4, 23, 31), which may modify
their structure and reactivity. While there is evidence that
organic aggregates also contain viruses, which may alter the
current picture regarding distribution of viruses in the sea and
modify their role in the microbial loop (9, 32), no detailed
studies have been performed.

While the physicochemical properties of aggregates may
regulate the dynamics of the attached viral community,
there are various ways that viruses may in turn influence
organic aggregates (34). Lysis products may act as glue to
facilitate aggregation, and cell wall fragments may even
serve as nuclei for aggregate formation. Indeed, the addition

of viruses to rolling table incubations increased the size and
stability of algal flocs (32). A similar process may occur
within aggregates, where lysis could contribute to the sticki-
ness of particles. However, it is also possible that enzymes
released during lysis, including virus-borne lysozymes pro-
duced to digest cell walls, contribute to the dissolution of
aggregates and that viral lysis products are released from the
aggregates. It is believed that viral lysis stimulates bacterial
activity, including enzymatic activity (12, 25). If this holds
true, the viral loop (viral lysis-dissolved organic matter-
bacteria [7]) or shunt (39) may also increase aggregate dis-
solution either from outside or from within aggregates. Fi-
nally, it remains unknown whether organic aggregates are a
sink or a source for viruses.

A recent study of organic matter reactivity along eutrophic
gradients in the lagoon of New Caledonia revealed that the
transfer efficiency of organic matter from the dissolved to the
particulate phase via aggregation processes was reduced when
the residence time of the water masses increased (24). Such a
reduction in organic matter reactivity may also influence the
distribution and fate of attached viruses by modifying the struc-
tural relationship between aggregates and attached viruses. In
addition, a long residence time of the water mass may lead to
an enhanced retention time of the aggregates in the water
column (24) and thus to prolonged maturation of the TEP-
bacterium-virus relationships.

In this study, we quantified the percentage of viruses asso-
ciated with TEP along trophic gradients in the southwestern
lagoon of New Caledonia and linked these findings to the
residence time of the water masses.
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MATERIALS AND METHODS

Sampling. Seawater samples were collected during November and December
2004 with a Teflon pump at 5 m from 10 stations distributed along two sampling
gradients in the southwestern lagoon of New Caledonia, ranging from two
semienclosed bays in the city of Noumea (�130,000 inhabitants) to a station
outside the reef barrier (Fig. 1). Each sampling gradient was sampled twice (four
transects; 22, 24, and 29 November and 1 December) for the determination of
viral abundance and TEP concentration. The experiments aimed at determining
the fractions of TEP-attached viruses were conducted at three stations for each
transect (i.e., 22 November, stations M41, M10, and M05; 24 November, stations
D22, D08, and D01; 29 November, stations N33, N12, and N04; 1 December,
stations M41, M10, and M33). The southwestern lagoon of New Caledonia is an
enclosed, relatively shallow site (�20 m) surrounded by oligotrophic oceanic
water. In contrast to the oligotrophy observed near the coral barrier, the near-
shore environment is subject to terrestrial and, especially in the bays around the
city of Noumea, to both industrial and urban inputs that increase the general
productivity in these areas. Eutrophication in Grande Rade Bay is mainly of
industrial origin, due to the close proximity of a large nickel smelter, while in
Sainte Marie Bay eutrophication is mostly due to wastewater outfalls from the
Sainte Marie area (i.e., urban origin). Conductivity-temperature-depth casts
were used on each sampling occasion to describe the vertical stratification.

Residence time of water masses. The parameter used to measure the “resi-
dence time” of the water mass is the local e-flushing time (LeFT) (in days). The
LeFT is defined as the time required for a tracer mass contained within the
control volume (station) to be reduced by a factor, 1/e, by waters coming from
outside the lagoon; thus, it describes the replacement efficiency of water masses
in the study area (19). The shorter the LeFT, the faster the water masses at the
location will be definitely replaced and thus renewed. The annual average LeFT
at the different stations was calculated from a hydrodynamic model that took into
account topographic constraints, average wind conditions, and tidal cycles (19).
During the sampling period, wind conditions were similar to those used as input
parameters in the hydrodynamic model (i.e., well-established trade winds of
about 8 to 10 m s�1). The LeFT was 0 at the offshore station (input parameter),
and it was calculated for each station to range from 0.4 to 5.6 days in the lagoon
stations, 12 to 17 days in Sainte Marie Bay, and 40 to 47 days in Grande Rade
Bay (24).

Production of mixed aggregates of TEP-magnetic beads. Seawater samples
were filtered at a low and constant vacuum pressure (�15 kPa) through a
47-mm-diameter GF/C Whatman filter (nominal pore size, 1.2 �m) in order to
isolate TEP precursors in the filtrate and to remove large particles. Two liters of

filtrate was placed in 4-liter polycarbonate bottles (one per station). Superpara-
magnetic functionalized microspheres (PCM) were added to the bottles to obtain
a final concentration of 2.5 � 105 PCM ml�1, in order to reach the optimum bead
“demand” for the observed range of TEP volume concentration (�10 ppm [24])
(22). PCM (Dynabead MyOne carboxylic acid; Dynal Biotech) of 1 �m in
diameter are composed of highly cross-linked polystyrene with evenly distributed
magnetic material (26% iron content) and a large surface area (10 m2 g�1). The
beads are coated with a hydrophilic layer of glycidyl ether, concealing the iron
oxide inside them, and carboxylic acid groups are on the surface of the beads.
The beads are colloidally stable in the absence of a magnetic field, and total
separation is achieved when they are exposed to a magnetic field. The volume of
PCM solution (Vi) to add to the filtrate in order to reach a final concentration of
2.5 � 105 PCM ml�1 was calculated with the formula Vi � Cf � Vf/Ci, where Ci

is the initial concentration of microspheres and Vf is the volume of filtrate (2
liters). The initial concentration, Ci, was calculated with the formula Ci �
6W(1012)/	
d3, where W is the mass of PCM per milliliter of solution (10 mg
ml�1 for 10% solid volume, according to the manufacturer); 	 is the density of
PCM, in grams per milliliter (1.8 g cm�3); and d is the bead diameter, in
micrometers. In order to avoid clumping prior to the TEP-PCM formation
process, the bead addition was diluted in 20 ml of 0.2-�m-filtered seawater and
sonicated for 5 min. The bottles were placed on a horizontal culture shaker, and
the solutions containing the TEP colloidal precursors and the PCM were agitated
for 5 h at 150 rpm in order to form mixed TEP-PCM aggregates.

Magnetic removal of TEP and TEP-attached viruses. TEP and TEP-attached
viruses were removed from solution by use of the magnetic properties of the
PCM, as follows. A 250-ml tissue culture flask was placed between two magnets
(MPC-384; Dynal Biotech) held together by a rubber band. Then, 250-ml sea-
water samples from the bottles were dispensed into the tissue culture flasks (one
per station) and left for 20 min inside the magnetic field for complete separation
of the PCM from solution. Samples for TEP and virus determinations were
collected in the initial solution before magnetic separation, defined as fraction A,
and in the middle of the flask after complete magnetic separation while the
magnetic field was still operating, defined as fraction C. Fraction B corresponds
to the magnetically removed TEP and attached viruses (22). The TEP size
spectra and virus concentrations were determined for fractions A and C. The
TEP size spectra and virus concentrations retained in the magnetic field (fraction
B) were obtained by calculating the difference between fractions A and C.

TEP determinations. The TEP size spectra were determined for samples
collected in situ and during the magnetic isolation procedure, from 5- and 10-ml
samples, respectively, and filtered with 0.2-�m polycarbonate filters (31). TEP
retained on each filter were stained with Alcian blue and, because TEP were not
directly visible on the filter, were transferred to a microscope slide (4). For each
slide, TEP size spectra were determined by counting and sizing of TEP at two
successive magnifications (�400 and �250) with a compound light microscope.
Ten images were taken per slide and for each magnification, and the TEP size
spectra were compiled by combining the size distributions obtained at each
magnification. The equivalent spherical diameter (ESD) of each TEP was cal-
culated by measuring its cross-sectional area with an image analysis system
(ImagePro Plus; MediaCybernetics). Counts were combined and classified ac-
cording to ESD. TEP size distributions were described with a power relation of
the type dN/d(d) � kd�, where d is the ESD and dN is the number of TEP per
unit volume in the size range d to [d � d(d)]. The constant k depends on the
concentration of particles, and the spectral slope, �, describes the size distribu-
tion; when � increases, the fraction of large particles increases. Both constants
were estimated from regressions of log[dN/d(d)] versus log(d). TEP recovery
after prefiltration through GF/C filters was assessed by comparing the TEP
carbon (TEP-C) concentration before and after filtration. The TEP-C concen-
tration was estimated from in situ TEP size spectra with the TEP size versus
TEP-C content relationship (21).

Viral counts. Water samples were preserved with glutaraldehyde (0.5% final
concentration) for 30 min at 4°C and then flash frozen in liquid nitrogen and
stored at �80°C until analysis. Samples were diluted 100-fold in Tris-EDTA.
Viruses were stained with SYBR green and counted by flow cytometry (8).

TEP size versus number of attached viruses. Assuming that the retention of
viruses in the magnetic field is solely due to virus attachment to TEP, we
estimated the relationship between TEP and attached viruses as follows. The
number of TEP-attached viruses varies as a function of TEP structure and can be
fitted to a power law relationship, N � adb, where N is the number of viruses
attached per TEP, d is the ESD, and a and b are constants for a given sample.
Summed over all particle sizes along the TEP size spectra, the total TEP-
attached virus concentration (C) is given by the relationship C � a�i � ni � di

b,
where ni is the concentration of TEP in size class i. a and b were estimated by the
least-squares method, i.e., by finding the values of a and b for which the equation

FIG. 1. Map of the study area, with positions of the sampling sta-
tions. Stations D and N are in Grande Rade Bay and Sainte Marie Bay,
respectively. (Modified from reference 24 with permission of the pub-
lisher.)
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SSD � �j(Cj � a�i � nij � di
b)2 has minimal value (SSD is the sum of standard

deviations, Cj is the concentration of TEP-attached viruses in sample j, and nij is
the concentration of size class i TEP in sample j). The estimation of a and b
permits the determination of the virus density of a given TEP as a function of its
size. These constants were determined individually for each station.

Statistics. Relationships between parameters were determined by correlation
and regression analysis. Analysis of variance (ANOVA) and Tukey-Kramer HSD
Posthoc tests were used to assess differences in parameters between environ-
ments. A probability (P) of �0.05 was considered significant. Data were log
transformed before analysis when necessary to meet the requirements of normal
distribution.

RESULTS

Characterization of sampling sites. Physical and chemical
characterizations of the sampling stations on the sampling
dates can be found elsewhere (24). Briefly, salinity and tem-
perature varied only slightly between sampling sites and dates,
and no stratification of the water column was observed within
the barrier reef. Nutrient (nitrate, nitrite, and phosphate) con-
centrations were highest at the heads of the bays and gradually
decreased toward the mouths of the bays, the distant parts of
the lagoon, and the open ocean. All sampling stations were
characterized by inorganic nitrogen limitation. The TEP vol-
ume concentration varied between 0.1 ppm at the ocean sta-
tion and 6.6 ppm at the heads of the bays, and the TEP size
spectra were characterized by an increase of the fraction of
large particles toward the heads of the bays. The distribution of
chlorophyll a (Chl a) largely follows that of the nutrients, with
maximum concentrations at the heads of the bays (1.68 � 0.63
�g Chl a liter�1 [mean � standard deviation]), rapidly decreas-
ing outside the bays to a minimum at the ocean station (0.19 �
0.09 �g Chl a liter�1).

Virus abundance. Virus abundances ranged from 8 � 106

ml�1 at the ocean station to 32 � 106 ml�1 at the head of
Sainte Marie Bay (Fig. 2). In the transects from 21, 24, and 29
November, the greatest virus abundance was found in the
middle or at the head of the bays, whereas in transect 4 (from
1 December), virus abundances were similar for all lagoon and
bay stations. When stations were divided into offshore, lagoon,
and bay environments, ANOVA showed that virus abundances
in all environments were significantly different, with the highest
values in the bays and lowest values offshore.

TEP size versus number of attached viruses. The effects of
recovery of TEP after prefiltration and after magnetic isolation
were assessed. Examples of size distributions of TEP are
shown for one station in Grande Rade Bay (D08) and the
offshore station (M41) (Fig. 3). In the bay stations, the ex-
pected TEP-C after prefiltration ranged from 5 to 25% of the
in situ data, whereas it ranged from 34 to 100% in the lagoon
and offshore stations. This suggests that prefiltration removed
a significant fraction of TEP in some environments. Shaking
after 1.2-�m filtration resulted in a slight shift toward higher
size classes compared to the in situ data. Magnetic separation
removed the majority of the TEP from the 1.2-�m-filtered
water (average, 91%). In the open ocean station, 84% of the
estimated TEP-C was removed, compared to 91% in Sainte
Marie Bay and 95% in Grande Rade Bay and in the lagoon
stations.

Viral abundance before the magnetic removal of beads av-
eraged 99% (range, 82 to 115%) of in situ abundances, with no
significant differences between environments. The percentage

of viruses on TEP, as estimated from the difference in viral
abundance before and after magnetic TEP removal, ranged
from 3 to 13% in most stations, with an average of 8%, except
for the middle and head of Grande Rade Bay (ca. 30%).

The number of viruses attached to TEP increased with the
TEP size, and virus numbers scaled with the TEP diameter

FIG. 2. Virus abundances along the offshore-to-onshore transects
(no replicate counts per station were performed).
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were raised to an average exponent, b, of �1.14 (from 0.70 to
1.80) (Fig. 4). Estimates of a and b by the least-squares method
for each station showed that the results cluster in two groups:
one group for which b is �1.5, consisting of samples collected

in the middle and the head of Grande Rade Bay (D08 and
D01), and one group for which b is �1.5, consisting of all other
stations. The first group is characterized by the samples col-
lected in water masses with very long residence times (i.e.,

FIG. 3. Examples of the evolution of TEP size spectra, TEP-C concentrations, and virus abundances during the magnetic isolation procedure.
Examples are given for the offshore station (M41) and for one middle-bay station (D08).
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LeFT � 40 days). The constants a and b were calculated by the
least-squares method for each of the groups. The viral density
(N [in numbers per cubic micrometer]) within a given TEP
with diameter d (in micrometers) occurring in water masses
with a long residence time (LeFT � 40 days [stations D01 and
D08]) is given by the equation

N � 230d1.75 (1)

and the viral density within a given TEP with diameter d
occurring in water masses with a short residence time (LeFT �
40 days [all stations except D01 and D08]) is given by the
equation

N � 100d1.60 (2)

These two relationships indicate that the volume-specific num-
ber of TEP-attached viruses decreases when the TEP size
increases. As an example, a TEP with a diameter of 1 �m has
viral densities of 440 virus particles �m�3 and 190 virus parti-
cles �m�3 according to equations 1 and 2, respectively, while a
TEP with a diameter of 100 �m has viral densities of 1.4 virus
particles �m�3 and 0.3 virus particles �m�3 according to equa-
tions 1 and 2, respectively. Comparisons between the numbers
of TEP-attached viruses expected from the above relationships
and the measured numbers of TEP-attached viruses (i.e.,
viruses removed during TEP magnetic isolation) showed
that these models explain 92% of the measured virus re-
moval (Fig. 5).

Expected TEP-attached viruses. Using the in situ TEP size
spectra (e.g., Fig. 3) and the relationships of TEP sizes versus
numbers of attached viruses described above and assuming
that all viruses were enumerated by flow cytometry (including
the attached ones), we estimated the abundance of viruses on
TEP in situ. The expected TEP-attached viral abundance

ranged from 5 to 45% (average, 15%), compared to total viral
abundance measured in situ, for stations with a LeFT of �10
days, from 30 to 102% (average, 62%) for stations with a LeFT
of between 10 and 40 days, and from 160 to 410% (average,
282%) for stations with a LeFT of �40 days. Within the bays,
this percentage increased from the mouth to the head in all
transects. While the fraction of attached viruses is correlated to
the TEP concentration, this fraction increased drastically for
stations with a very low water mass renewal rate. Since the
fraction of TEP-attached viruses cannot be higher than the
total virus abundance, this suggests that viruses attached to
aggregates were not enumerated by flow cytometry. When the
virus density on TEP (as determined by magnetic removal) was
compared to the expected virus density, more than 80% of the
expected counts were actually found in the measurements from
the open ocean and the lagoon stations, compared to ca. 50 to
75% at Sainte Marie Bay and the mouth of Grande Rade Bay
and to ca. 20 to 35% in the rest of the Grande Rade Bay
stations (Fig. 6).

DISCUSSION

Critical evaluation of methods of quantifying viruses on
aggregates. There are two general ways to determine the re-
lation between TEP size and the number of attached viruses.
The most intuitive approach is to proceed as for TEP-bacte-
rium determinations (22, 31), i.e., by staining both TEP and
viruses in order to size individual TEP and enumerate the
number of viruses attached to it. While viruses in marine snow
aggregates have been studied by using embedding of aggre-
gates followed by thin sectioning and transmission electronic
microscopy (32), this approach is time-consuming and only
possible for visible aggregates that can be embedded, i.e., not
for TEP. Alternatively, the optical thin sectioning of laser
scanning microscopy coupled with three-dimensional recon-

FIG. 4. Estimates of the constants a and b for each station as a
function of the residence time of the water masses. The constants a and
b were estimated from the power law relationship N � adb, where N is
the number of TEP-attached viruses and d is the ESD of the TEP.

FIG. 5. Comparison between measured and expected TEP-at-
tached viruses (based on the relationships N � 230d1.75 and N �
100d1.60 and the TEP size spectra removed during magnetic isolation).
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struction of nucleic acid-stained particles might be useful for
assessing viral densities on small aggregates. Although an ac-
cumulation of viruses can be seen by laser scanning microscopy
(unpublished data) and epifluorescence microscopy (20),
quantification of viruses and clear identification within organic
aggregates is often not possible (20). Finally, due to the wide
size differences between viruses (60 to 80 nm [40]) and TEP
(from ca. 1 to �100 �m [4]), and because viruses are approx-
imately an order of magnitude more abundant than bacteria,
such an approach would be extremely time-consuming.

As a consequence of the problems outlined above, we fol-
lowed an indirect approach without enumerating viruses inside
TEP. Samples were prefiltered to isolate submicrometric TEP
precursors from large particles. TEP reformed from precursors
were selectively removed from solution after they had been
associated with magnetic beads, and the magnetically labeled
TEP were isolated with a magnetic field (22). Owing to their
size, viruses are not affected by turbulence; thus, shear coagu-
lation was not the origin of TEP-virus attachment during TEP
formation from submicrometric precursors. Therefore, the ob-
served relationships between TEP and viruses probably have
roots in the association between TEP precursors and viruses.
Assuming that the TEP-virus association remains steady along
the TEP size spectra (i.e., from submicrometer sizes to the
largest TEP), then the relationship determined in the labora-
tory should reflect that of naturally occurring TEP. However,
the relationships between TEP sizes and numbers of attached
viruses may underestimate the fraction of TEP-attached vi-
ruses for at least three reasons. First, not all TEP are removed
during the magnetic isolation procedure. While likely a small
faction for most environments, at the open water station 16%
of the TEP, as estimated from the expected carbon content,
were not removed. As most of the TEP not removed during
magnetic isolation are small and thus contain a proportionally
large number of viruses, this could result in a significant un-
derestimation of the number of attached viruses. Second, a
significant proportion of TEP was removed by prefiltration at
some stations, and these TEP might have contained a signifi-
cant amount of viruses.

The fraction of attached viruses on naturally occurring TEP

was estimated from in situ TEP size spectra (24) and from TEP
size-versus-viral-density relationships (this study). Several fac-
tors might have influenced these data. For example, although
the measured virus abundance on TEP was quite well pre-
dicted by the model (r2 � 0.92), we cannot be sure that this
relationship also holds true for larger aggregates. However, it
must be mentioned that the TEP size distribution after 1.2-�m
filtration in water and after shaking was similar to that found
under in situ conditions. Thus, while some uncertainty remains,
the presented technique should be able to reveal primary
trends.

Fraction of TEP-attached viruses: a neglected but signifi-
cant reservoir. One of the reasons for investigating the contri-
bution of TEP-attached viruses to the total viral community is
uncertainty about the detection of viruses on large aggregates
by flow cytometry; i.e., the side scatter of the aggregates should
remove viruses from their typical detection frame. The diffi-
culty in detecting aggregate-attached viruses by flow cytometry
is illustrated by the finding that virus abundances did not differ
before and after 1.2-�m filtration despite the high turbidity in
the bays. Furthermore, some aggregates, including TEP, are
probably disrupted when injected into the flow cytometer,
which may contribute to the strong deviations sometimes ob-
served between viral counts with epifluorescence microscopy
and with flow cytometry in turbid environments (unpublished
data). Assuming that flow cytometry does not allow the enu-
meration of TEP-attached viruses (i.e., the viral abundance
represents only free viruses), one can estimate the expected
abundance of TEP-attached viruses from in situ TEP size spec-
tra and the relationships describing the viral density on TEP.
This exercise suggests that virus abundance can be underesti-
mated by up to 80% in the head of Grande Rade Bay and by
up to 20% at the lagoon and offshore stations (Fig. 6). This
indicates that our flow cytometry- and magnetic bead-based
approach to estimating total viral abundance and viral abun-
dance on TEP works well in oligotrophic aggregate-poor en-
vironments, such as the open ocean and the lagoons, whereas
in aggregate-rich environments there is a need for the devel-
opment of better detection methods for viruses on TEP and
other aggregates. If we add the attachment of viruses to
non-TEP aggregates, the actual virus abundance in aquatic
environments may be more severely underestimated than
that revealed by consideration of only the TEP pool.

Interaction between virus and aggregates: ecological inter-
pretations. There are almost no data on total virus abundance
and viral infection on aggregates. One study from the Medi-
terranean Sea suggested that the virus/bacterium ratio in algal
flocs is similar to that in the environment (32), and another
study suggested that the infection frequencies of bacteria on
aggregates are similar to those in ambient water (34). Our
study showed that viral density decreased with increasing TEP
size. Estimated viral density was ca. 1 � 1010 to 3 � 1010 ml�1

for TEP with a diameter of 10 �m and 10 � 1010 to 30 � 1010

ml�1 for TEP with a diameter of 2 �m. A similar tendency of
lower virus density on aggregates of �5 �m than on aggregates
of �20 �m in equivalent spherical diameter was also found in
river and floodplain waters by epifluorescence microscopy
(20). In addition, the estimated viral density on TEP was high-
est in Grande Rade Bay, where the residence time of the water
mass was longest. It has been suggested that the long residence

FIG. 6. Expected fraction of viruses counted by flow cytometry with
the assumption that some TEP-attached viruses escape detection.

5250 MARI ET AL. APPL. ENVIRON. MICROBIOL.



time of the water mass in Grande Rade Bay was responsible
for a prolonged retention of TEP in the water column via a
reduction of TEP buoyancy, caused by an alteration in TEP
sticking properties (24). Such a prolonged retention time in the
water column may explain the higher viral density in TEP. In
the above-cited study on river systems, water age did not affect
the abundance of viruses on aggregates, whereas aggregate
quality had an influence (20). Thus, the observed effect of
water residence time in our study might have also been due to
changed aggregate quality; indeed, it was observed for the
lagoon of Noumea that the aggregate quality changed with
water residence time (24).

Among the differences in virus-host interactions between
ambient water and aggregates are the potentially reduced virus
diffusion on aggregates due to the organic matrix and the much
shorter distance between viruses and hosts. For example, the
density of viruses was ca. 3 to 4 orders of magnitude higher on
TEP (estimated from the conservative magnetic bead ap-
proach) than in ambient water. It is also well known that the
host density can be higher on aggregates (27). However, no
data on encounter rates are available for hosts, since the
restriction of diffusion on aggregates has not been quantified.
While details of virus-host interactions on aggregates remain
unknown, the high viral density suggests that TEP constitute an
infection site for bacteria and thus play a role in the control of
bacterial diversity and production. Overall, our experimental
data and in situ estimates indicate that (i) the fraction of
viruses attached to TEP is more important in bays with a low
water mass renewal rate, (ii) viral density decreases with TEP
size, and (iii) the fraction of TEP-attached viruses can be
significant.

Fate of TEP-attached viruses. While in bays TEP tend to
remain suspended in the water column, thus favoring the in-
stallation of a recycling ecosystem, they may sink and promote
the vertical export of matter in lagoons and offshore waters
(24). It has been shown before that sediments can be storage
places for viruses and increase their survival (18). For the
offshore environment, where the water depth rapidly drops to
�3,000 m in the New Caledonian Trough, this would mean a
removal of organic carbon to the deep sea as part of the
biological pump. Also, sinking TEP may not only transport
phage-host systems to the deep sea and deep-sea sediments but
also provide for a substantial supply of genetic information.
Recently, it has been shown that extracellular DNA plays a
crucial role in deep-sea sediments (10), and viruses transported
by TEP may contribute to that. It has been suggested that
vertical transport fuels the deep sea with viruses and can ex-
plain the high abundances found in this environment (17, 29).
Transport via sinking TEP would be such a mechanism.

A radically opposing pathway for TEP-attached viruses may
be via the upward vertical transport of positively buoyant or-
ganic aggregates. It has been suggested that under certain
circumstances, TEP may serve as an upward lift for TEP-
attached particles (24). Because the eruption of rising bubbles
through the surface microlayer leads to the formation of
marine aerosols that contain viruses (5), the TEP-surface
microlayer-aerosol pathway may represent a significant vector
of transport for viruses across the air-sea interface and a dis-
persal mechanism for those microorganisms. This could be

significant in areas such as New Caledonia, where the trade
winds are active for ca. 85% of the year.
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